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ABSTRACT

The physical mechanism by which seasonally varying atmospheric wind stress exerted on the
sea surface is communicated to the solid earth as oceanic pressure torque (continental torque)
and bottom frictional torque is investigated with a linear shallow-water numerical model of
barotropic oceans. The model has a realistic land—ocean distribution and is driven by a season-
ally varying climatic wind stress. A novel way to decompose the wind stress into rotational and
non-rotational components is devised. The rotational component drives ocean circulations as
classical theories of wind-driven circulations demonstrate. The non-rotational component does
not produce ocean circulations within the framework of a barotropic shallow-water model, but
balances with the pressure gradient force due to surface displacement in the steady state. Based
on this decomposition, it is shown that most of the continental torque which plays a major
role in producing the seasonal variation of length of day (LOD) is caused by the non-rotational
component of the wind stress. Both continental torque due to the wind-driven circulation
produced by the rotational component of the wind stress and the bottom frictional torque are

of minor importance.

1. Introduction

The seasonal variation of length of day (LOD)
is explained by the variation of the atmospheric
angular momentum, because the sum of the angu-
lar momenta of the atmosphere and of the solid
earth is almost conserved (e.g. Rosen et al., 1990).
The angular momentum is transferred within a
few days from the atmosphere to the solid earth,
and the seasonal variation of the total oceanic
angular momentum is generally small in com-
parison with that of the atmospheric angular
momentum (Munk and MacDonald, 1960). The
oceans, which cover nearly 70 % of the earth’s
surface, however, work as an important conveyor
of the angular momentum between the atmosphere
and the solid earth (Ponte, 1990).
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At the land surface, the angular momentum of
the atmosphere is transferred directly to the solid
earth through pressure torque (so-called mountain
torque) and frictional torque. Over the oceans, on
the other hand, it is transferred in a more indirect
manner: the wind drives oceanic motions, which, in
turn, generate frictional torque at the bottom of the
ocean. It also produces a certain pressure distribu-
tion at the boundaries of the oceans and exerts
so-called ‘continental torque’ on the solid earth.

Using a numerical model of an ocean circulation
driven by time-varying zonal wind stress, Ponte
(1990) examined the role of the oceanic torques in
the transfer of the angular momentum. His model
ocean was a rectangle, the boundaries of which
consist of latitudinal and longitudinal lines. He
found that the wind stress torque at the ocean
surface nearly coincides with the continental torque
and that the bottom frictional torque is negligibly
small. He also suggested that the barotropic
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response is important for the rapid transfer of angu-
lar momentum via the ocean. He concluded that
the ocean works as a conveyor of angular momen-
tum between the atmosphere and the solid earth.
Ponte and Gutzler (1991) used a numerical model
similar to the one by Ponte (1990) and studied the
angular momentum balance associated with the
Madden—Julian oscillation (MJO) over the tropical
Pacific ocean. They found that the wind stress
torque over the ocean nearly balances with the
continental torque, and this balance is established
rapidly through the barotropic process.

These previous studies revealed that the baro-
tropic response of the oceans to the seasonal
variation of the wind stress is important for the
rapid transfer of the angular momentum from the
atmosphere to the solid earth via the oceans.
Furthermore, the continental torque caused by
the sea surface displacement is the main process
to transfer the angular momentum between them
(Oort 1985; 1989; Oort and Peixoto 1992).
However, the physical mechanism by which the
wind stress causes the continental torque does not
seem to have been examined in detail.

Ponte and Rosen (1994) investigated the role of
the bottom pressure torque based on the sea
surface displacement estimated from the geo-
strophic currents. This may seem to be plausible,
because the large-scale atmospheric flow is quasi-
geostrophic and mainly rotational. Thus, the sur-
face wind stress has non-vanishing curl and pro-
duces wind-driven circulations. However, even if
the wind over the ocean is purely geostrophic,
observed wind field contains a component which
is not used to create the wind-driven circulation?,
because the ocean is confined in a closed basin.
This fact may be visualized if one recalls that the
structure of a wind-driven circulation is mathemat-
ically obtained by solving the vorticity equation
which contains only the stress curl of wind fields.
This means that there are many different wind

! This statement is correct only for a barotropic shal-
low-water ocean model which does not consider the
surface Ekman layer explicitly. If a barotropic model
with the surface Ekman layer is considered, a wind stress
with no stress curl does cause an interior geostrophic
flow to compensate the Ekman layer flow (Pedlosky,
1968; Veronis, 1996). The pressure distribution balanced
with the geostrophic flow, however, is shown to be the
same as that obtained from the shallow-water baro-
tropic model.
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fields which yield the same wind-driven circula-
tion. When we would like to obtain the continental
torque, however, not only the wind stress curl but
also the wind field itself over the ocean becomes
crucial. Part of the wind field drives ocean circula-
tions which may cause continental torque through
the sea surface displacements, while the rest (which
has no stress curl) causes the continental torque
without the ocean circulation.

Using a steady linear barotropic ocean model
with a flat bottom on a beta plane (e.g. Stommel,
1948), Masuda (1991) suggested that the net pres-
sure force at the eastern and western boundaries
of an ocean basin does not depend on the ocean
circulation and is determined solely by the total
wind stress exerted on the ocean surface. In other
words, the whole ocean behaves as if it were a flat
land, as far as the zonal force exerted on the solid
earth is concerned.

He also suggested that the sea surface displace-
ment caused by the wind-driven circulation is not
important for creating the continental torque. If
this is true, it should be possible to extract from
the observed wind fields a wind component that
does not produce the wind-driven circulation but
does cause the continental torque. This possibility
motivated us to investigate how the wind-driven
circulation contributes to the continental torque
and the resulting seasonal variation of the LOD
by means of a linear barotropic numerical model
of the ‘quasi-global’ wind-driven circulation in a
spherical coordinate.

The numerical model used in the present study
is called ‘quasi-global’ because it does not contain
the bottom topography and the Antarctic
Circumpolar Current (ACC). Although we are
aware that the inclusion of them is indispensable
to make a quantitative estimate of the contribution
of the oceanic wind stress to the seasonal variation
of the LOD, our main interest here is to clarify
the basic dynamical process to produce the contin-
ental torque in the mid- and low-latitude oceans
from the wind stress. We will exclude the ACC in
our model, since it is not possible to reproduce a
realistic ACC in a barotropic shallow-water model
without bottom topography.

In the next section, briefly reviewed is the
relationship between the wind stress and the pres-
sure force exerted on an ocean basin for a steady-
state wind-driven circulation on a beta plane,
which helps us to consider the mechanism of the
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torque balance in the realistic oceans. In Section 3,
a linear numerical model of the global barotropic
oceans which are driven by the observed wind
stress is described. The results are presented in
Section 4. The wind stress is decomposed into the
rotational and non-rotational components and
contribution of each component to the continental
torque is examined. The results are discussed in
Section 5 and conclusions are given in Section 6.

2. Torque balance for steady motions on a
beta-plane

For steady motions of a barotropic ocean on a
beta plane, there exists a simple relationship
between the pressure force exerted on the ocean
basin and the surface wind stress, provided that
the bottom frictional force is a linear function of
the flow velocity (Masuda, 1991)% It holds for an
ocean of an arbitrary shape with an arbitrary
wind stress distribution on a beta plane.

The basic linear equations in the steady state
may be written as

Sk xv=—Vp—Ro+1(x,y) (1)
and
V-v=0, (2)

where v is the current velocity, p the pressure, k
the unit vector in the z-direction (upward), R the
coefficient of the bottom friction which is propor-
tional to v, f(y) the Coriolis parameter as a
function of y (meridional direction) and 7 = (1, 7,)
the wind stress vector at the sea surface. The net
pressure force in the x-direction (eastward) exerted
on the ocean basin is expressed as

Fx=3g pi-d1=J@dxdy, (3)
L s 0x

where i is the unit vector in the x-direction and
d/ the line element vector along the coasts. L and
S denote the whole length of the coasts and the
whole area of the ocean basin, respectively.

2Masuda (1991) derived this relationship for linear
steady motions. However, it can be generalized to non-
linear steady motions for which Eq. (1) is replaced by

(- Vo+ f(yk xv=—Vp— Ro+1(x, y),

(Masuda, personal communication, 1998).
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Substituting 0Jp/0x from the x-component of
Eq. (1) into Eq. (3) and using the continuity equa-
tion (2), we obtain

F,.= J T.(x, y) dx dy. (4)

Equation (4) states that the net zonal pressure
force exerted on the ocean basin on the beta plane
is determined solely by the area integral of the
x-component of the surface wind stress 7.(x, y)
(Masuda, 1991; 1998). It does not depend on the
wind-driven circulation, although the meridional
distribution of the zonal pressure force along the
coast depends strongly on it.

To obtain more insight into what the relation-
ship means physically, let us now divide z(x, y)
into two parts as

(X, ) =+ T =k x Vi (x, 5) + Vo (x, 1), (5)

where the first term in the right-hand side denotes
the ‘rotational’ component of the wind stress 7%
and the second term the ‘non-rotational’ compon-
ent ™R, respectively (for simplicity, 7, T8 and ™}
will be hereafter referred to as total, rotational
and non-rotational wind stresses, respectively).
The way to decompose 7 into =*% and ™® for a
given observed wind field depends upon the
boundary conditions for i, and ¢, at the coastlines.
It looks apparent at the first sight that the zonal
wind with meridional shear belongs to the rota-
tional wind. However, if we recall that the regional
integral of the curl of the wind stress field at the
sea surface is equal to the circulation along the
closed coastline, we realize that the normal com-
ponent of the wind at the coastline does not
contribute to the circulation. This fact suggests
that one should divide the wind stress into the
two components, so that the non-rotational wind
stress has only the normal component to the
coastline and the rotational wind stress the along-
shore component of the wind field®. The pressure
forces resulting from 7® and t™® are similarly

3This decomposition produces t, even when the ‘ori-
ginal’ wind stress is purely zonal. By introducing t,,
which does not come into the angular momentum bal-
ance at all, however, it becomes possible to decompose
the original wind stress into rotational and non-rota-
tional components which contribute to a better under-
standing of the momentum transfer process between the
atmosphere and the solid earth through the oceans.
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denoted by F® and FYR, respectively. Since & is
written as

k_ Y

(6)

x - ay >
substitution of Eq. (6) into Eq. (4) leads to

FR=0. (7)

Thus, the rotational wind stress which causes the
wind-driven circulation produces no net zonal
pressure force on the beta plane.

For a general distribution of the wind stress,
however, the non-rotational wind stress which does
not vanish when integrated in the meridional direc-
tion would produce a net pressure force.
Furthermore, Eq. (7) does not hold strictly on a
spherical coordinate system, and an analogue of
Eq. (7) does not hold for the continental torque of
oceans on the globe because the arm length from
the rotation axis varies with latitude. Thus, there is
a possibility that the rotational wind stress produces
some continental torque in the real oceans. It then
becomes important to know the magnitudes of the
rotational and non-rotational wind stresses for the
real oceans, and to know which stress contributes
more to the continental torque. To answer these
questions, we have performed a numerical simula-
tion of the quasi-global ocean circulation driven by
the observed climatic wind stress.

3. Numerical model

A linear barotropic model of a quasi-global
ocean circulation driven by the observed climatic
wind stress is used in this study. The governing
equations are linearized shallow water equations
in the spherical coordinate:

ou g 0n 7
= B
ot fo acos ¢ oA + Dp u’ (8)
ov gon 1
0t+fu__a[)¢+Dp_Rv’ 9)
0 1 0 1 0
an b du 0(v cos @) _o,
ot acos¢p 0L  acos¢ 0O
(10)

where u and v are the zonal and meridional
velocity components of the oceanic current,
respectively. 7 is the sea surface displacement from
the initial state of the rest. 7, and 7, are the zonal

Tellus 54A (2002), 4

393

and meridional components of the wind stress,
respectively. / is longitude, ¢ latitude, g the accel-
eration of gravity, a the mean radius of the earth,
D the constant ocean depth, p the density of water,
£ the Coriolis parameter, and R a linear bottom
frictional coefficient.

The model ocean in this study has R"'=5d
and a constant depth of D (=4000m), and is
confined to the latitudinal range between 57.5°S
and 67.5°N. In the present calculation, the ACC
is excluded®. The spatial derivatives are approxi-
mated by the central differences scheme with a
staggered grid configuration, where the horizontal
resolution is 2.5° x 2.5° (Fig. 1). The zonal bound-
aries of the oceans for each latitude are given from
the Land and Ocean Distribution Data provided
by Oki (1991, personal communication). The free
slip condition with no normal flow is imposed at
the boundaries.

The monthly wind stress data based on obser-
vations from 1879 to 1976 (Hellerman and
Rosenstein, 1982) are used to drive the ocean
circulation. The original data cover the whole
globe with 1° x 1° mesh. The wind stress, =
(t;,74) for each time step was calculated by a
linear interpolation of the monthly data. 7, and
74 are imposed at the same grid point as u and v,
respectively (Fig. 1). The wind stress at the coast-
line, however, was set to be equal to zero. Time
integration was done with the leap-frog scheme
with a time step of 3 min, except that the Matsuno
scheme was used for every 20 time steps.

Time rate of change of the total oceanic angular
momentum M, about the polar axis is expressed
as

%—T 1, — Ty 11

d[ — tw T LT oo ( )

where

T, = J J 7,(4, §)(a cos ¢) d4, (12)
¢ Ja

4The current assessment of the role of the ACC on
the seasonally varying oceanic torque balance seems to
be rather controversial. Ponte and Rosen (1993) estim-
ated the bottom pressure torque around the ACC at
Drake Passage and concluded that its contribution to
the oceanic torque balance is small. Bryan (1997) found
that there is a remarkable seasonal variation of oceanic
angular momentum around the ACC latitudes, but did
not examine seasonal variation of the oceanic torque
balance.
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Fig. 1. The horizontal grid configuration in the western boundary region.

on(4, )
T.= —pgD ——d4, 13
0g L L P (13)
T,= —RpD J J u(Z, ¢)(a cos ¢) d4, (14)
¢ Ji

are the the wind stress torque at the ocean surface,
the continental torque and the bottom frictional
torque, respectively (Ponte, 1990; Ponte and
Gutzler, 1991; see also Appendix A). d4=
acos ¢ dA a d¢ and the integrals in Egs. (12)—(14)
are taken over the whole oceans. The eastward
torque is taken positive. Equation (11) states that
the time rate of change of the angular momentum
is equal to the sum of external torques. As is
described in detail in Appendix A, our finite-
difference schemes exactly conserve the oceanic
angular momentum in the absence of the external
torques. The continental torque (13) has been also
calculated in a way consistent with the angular
momentum conservation and the boundary condi-
tions (see Appendix A).

When one considers the seasonal variation
of LOD, it is known that dM,/dt is generally
small in comparison with the variation of the
atmospheric angular momentum (Munk and
MacDonald, 1960). Therefore, the three terms
in the right-hand side of Eq.(11) are nearly in
balance: i.e.,

0~T,—T,— T, (15)

4. Results

4.1. Seasonal variation of the wind driven
circulation

The time integration was started from the state
of rest and was carried out for 2 yr. The spin-up
was completed within the first 5d (~R™1!), and
thereafter a regular seasonal change was obtained.
Figure 2(a) shows the annually averaged sea sur-
face displacement 77 caused by the annually aver-
aged total wind stress 7, where the overbar denotes
the annual average. In the Kuroshio region, the
maximum sea surface displacement reaches about
6 cm. The volume transport estimated from the
geostrophic relation (fv = gAn/Ax) is about 32 Sv
(=32x10°m3s™!). This value is somewhat
smaller than the observed volume transport of
about 50 Sv in the Kuroshio region (Ichikawa and
Beardsley, 1993). As far as the volume transport
is concerned, our model simulates reasonably well
the gyres of the real oceans. The simulated charac-
teristic velocity of the Kuroshio, on the other
hand, is 2.2 cm s~ !, which is much smaller than
the observed value of 30 cm s~ !, This discrepancy
is mainly caused by our assumption of the baro-
tropic ocean with the depth of 4000 m.

4.2. Seasonal variation of oceanic torque

Figure 3(a) shows the seasonal variations of the
wind stress torque T, continental torque 7; and

Tellus 54A (2002), 4



NON-ROTATIONAL WIND STRESS IN THE SEASONAL VARIATION OF CONTINENTAL TORQUE

(a) Sea Surface Displacement (Ann. Ave., Total Wind)
N

o T ST

Latitude (Deg)
m g 8
o 3 3

o
S
@

60E 120 180
Longitude (Deg)

(b) Sea Surface Disp. (Ann. Ave., Non—Rot. Wind)

g

="
N

0.0

Latitude (Deg)
§ B

§

60E 1206 180 1200 80W
Longitude (Deg)

(c) Sea Surface Disp. (Ann. Ave., Rot. Wind)

———

Latitude (Deg)

60E 120E

180 1200
Longitude (Deg)

Fig. 2. Sea surface displacement caused by the annually
averaged wind of Hellerman and Rosenstein (1983) for
(a) total wind stress, (b) non-rotational wind stress and
(c) rotational wind stress, respectively. The contour inter-
val is 1 ¢cm for (a) and (c), and 0.1 cm for (b).

bottom frictional torque T;,. The variation of T,
nearly coincides with that of T, indicating that
most of the seasonally varying wind stress torque
exerted on the ocean surface is given to the solid
earth as the continental torque. The fact that there
is little time lag between T, and T suggests that
the transfer of the angular momentum occurs very
quickly from the atmosphere to the solid earth
through the oceans: i.e., the angular momentum
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of the ocean, M, experiences very little seasonal
variation. These results are consistent with the
previous studies (Ponte, 1990; Ponte and Gutzler,
1991; Rosen et al., 1990).

Figure 3(a) also shows that the amplitudes of
the seasonal variations of T, and T, are about
7 HU (1 Hadley Unit = 10'® N m). Wahr and Oort
(1984) estimated the total required torque and the
mountain torque from observational data.
Considering that the land torque shows a seasonal
variation similar to that of the mountain torque
except that the amplitude is a factor of 2 or 3
larger (e.g., Boer, 1990), the amplitude of the
seasonal variations of T, in the present simulation
seems to be nearly comparable to the results by
Wahr and Oort (1984). Maxima of T, and T,
causing an acceleration of the earth’s rotation
occur in June, while their minima causing a decel-
eration occur in April.

In contrast to T, the bottom frictional torque
T, plays a minor role in transferring angular
momentum through the oceans, as was pointed
out by Ponte (1990) and Ponte and Gutzler (1991).

4.3. Oceanic response to non-rotational and
rotational wind stress

There are two mechanisms which produce the
sea surface displacements. In the steady state, the
non-rotational wind stress z"® balances with the
pressure gradient force due to the sea surface
slope®. The other is the sea surface displacement
caused by the ocean circulations, which are driven
solely by the rotational wind stress t*. Thus, by
dividing the total wind stress 7 into ® and V%,
one can study the mechanism by which the oceanic
torques are produced from the wind stress torque.
A detailed description of the method to decompose
7 into * and ™® is given in Appendix B.

Figure 4 shows the magnitude of the annually
averaged rotational and non-rotational wind
stress 7% and 3%, respectively. It is seen that the
rotational wind stress 75 [Fig. 4(b)] has a larger

S Strictly speaking, purely zonal wind stress with zero
stress curl produces a geostrophic meridional flow that
compensates the meridional transport in the surface
Ekman layer and balances with the sea surface slope
(Veronis, 1996). A calculation shows, however, that this
effect causes exactly the same sea surface slope as that
caused by the simple wind drift in the shallow-water
model.



396

M. K. YOSHIOKA ET AL.

Seasonal Variation of Torques
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Fig. 3. Seasonal variations of the simulated torques for (a) the original wind stress data by Hellerman and Rosenstein
(1983), (b) non-rotational wind stress and (c) rotational wind stress, respectively. The ordinate is Julian for days

starting from 1 January. The results are shown for 2 yr

(730 d). The abscissa is the torque which is taken positive

to the east. The thick line is the wind stress torque T, from the atmosphere to the oceans, the dotted line the
continental torque T, and the dashed line the bottom frictional torque T, due to the ocean current.

amplitude near the center of the oceans, while that
the non-rotational wind stress 7} near the bound-
aries of the oceans [Fig. 4(a)]. A pair of positive
and negative peaks of 75 in each ocean corresponds
to an oceanic gyre.

Figure 5 shows the annually-averaged total,
non-rotational and rotational wind stress vectors.
Both of the Pacific and Atlantic oceans have

anticyclonic circulation patterns of rotational
wind stress vector in the Northern and Southern
Hemispheres, respectively, while the Indian ocean
has one anticyclonic circulation pattern [Fig.
5(b)]. The non-rotational wind stress vector
[Fig. 5(c)] is obtained by subtracting the rota-
tional wind stress from the total wind stress
[Fig. 5(a)]. In the Pacific and Atlantic oceans in
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(a) Ann. Average, Non-Rot. Zonal Wind Stress Mag.
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Fig. 4. Global distribution of the magnitude of the zonal
wind stress. (a) non-rotational and (b) rotational com-

ponents of the wind stress. The contour interval is

0.3dyncm™ 2

the Northern Hemisphere, the non-rotational
wind stress vector is southwestward on the
northwest coast and is eastward on the northeast
coast. It is westward near the equator. In the
Southern Hemisphere, the non-rotational wind
stress vector shows cyclonic circulation patterns
around the southern edges of Africa and Australia
continents. A part of these circulation patterns are
caused to compensate the anticyclonic circulation
patterns due to the rotational wind stress. Another
cyclonic circulation pattern seems to exist around
the southern edge of the South America at a first
sight. Since the Drake passage is closed in the
present model, however, the wind vector is not
continuous across the South America continent.
Figures 2(b) and (c) show annually averaged
sea surface displacements ™% and ij® produced by
™R and 7R, respectively, where two separate runs
were made to obtain these displacements. Since
our model is linear, a superposition of Figs. 2(b)
and (c) yields exactly the same pattern as Fig. 2(a).
It is seen that the maximum of i® is about three
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(a) Wind Stress (Annual Average, Total Wind)

by
ph-sovanyvosy
aryrraveragy

44 titrrrR eIt e et &
. R 5t e ey

(¥ 4
Y ::':':'Q&Q\\’\\\ RO S .“.....«M\\i\
194 S SRS T s rvsonsuresttn
Hm\m\:\ﬁk‘.\“w««“\: 3

Latitude [Deg]
3

Baaarrrsbsrreccistcerrrad
seaagverTevyrrriiariaresen

e AR, 4

wosevrrrnpprned

60E 120 120W 80w

180
Longitude [Deg] -

(b) Wind Stress (Ann. Average, Non—Rot. Wind)

Latitude [Deg]
m g 2
o z z

@
a

AAITTINA
R A
AR IS T :

nev
»rryraaas

veaadingid

t B I sridbttrieiol |
W

60E 1206 180 1200 60W
Longitude [Deg] —

(c) Wind Stress (Ann. Average, Rot. Wind)

i

s

G
GO

fesrrs Yvvies
ATECCLVIIresrerrry areeetadiiiinin

60E 1206 180 1200 60W
Longitude [Deg] —

Fig. 5. Annually averaged (a) total wind stress, (b) non-
rotational wind stress and (c) rotational wind stress vec-
tors. The wind stress data by Hellerman and Rosenstein

(1983) have been used for the calculation. The arrow in

the lower-right of each figure corresponds to 3 dyn cm ™2

times larger than that of 7™}, Therefore, the pattern
of Fig. 2(c) is rather similar to that of Fig. 2(a) :
ie., the annually averaged circulation is mainly
produced by 7®. Note that i® is proportional to
the stream function except near the equator. For
the non-rotational wind stress, the horizontal pres-
sure gradient force balances with the wind stress
in the steady state. Since the zonal wind is predom-
inant in the annual average, the ocean surface



398

generally slopes to the east—west direction as
shown in Fig. 2(b). Such a force balance is also
observed around the southern ends of Africa and
Australia, where the non-rotational surface eleva-
tion generally increases anticlockwise. Near the
southern end of South America, the non-rotational
surface elevation reaches a maximum on its west
coast and a minimum on its east coast.

The annually averaged surface displacement and
wind stress vector are shown above in order to
illustrate how the suggested decomposition looks
like. It is important to note that, although the
rotational component has a large amplitude near
the center of oceans, its amplitude near the coast
remains considerably small. The non-rotational
component, on the other hand, has a relatively
large amplitude even near the coast. As will be
demonstrated below, these properties of rotational
and non-rotational components becomes more
important when the seasonal variation of the
torques are considered.

4.4. Torques produced by non-rotational and
rotational wind stress

Figure 3(b) shows the seasonal variations of
torques ThR, TY® and TH® produced by the non-
rotational wind stress TR, The seasonal variation
of TN® shows a remarkable similarity to that of
T, in Fig. 3(a), suggesting that a major part of T,
consists of TXR, Furthermore, Fig. 3 (b) shows that
almost all TY® is converted into the non-rotational
continental torque, TX. Accordingly, the total
continental torque T, in Fig. 3(a) nearly coincides
with TNR. THR is negligibly small in seasonal
variation, because T™® balances quickly with the
pressure gradient force without leaving noticeable
circulations.

Figure 3(c) shows the seasonal variations of the
oceanic torques TR, TR and T} produced by the
rotational wind stress 7*. Since the bottom fric-
tional torque is only produced by %, TR coincides
with T, in Fig. 3(a). The continental torque TR
produced by 7® is of the same order of T¥, and is
much smaller than TX® in Fig. 3(b). The presence
of TR, however, demonstrates that the relationship
(7) on the beta plane does not strictly hold for the
real oceans with sphericity.
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4.5. Meridional distribution of oceanic torques

Figures 6(a), (b) and (c) show time-latitude
cross-sections of seasonally varying T, (¢), To(¢)
and Tg(¢), respectively, where T,(¢), for example,
is defined by [, T,,a* cos® ¢ d aA¢, at each latitud-
inal grid point. A¢ is the latitudinal grid interval
of 2.5°. T, (¢) has peaks of its amplitudes at the
latitudes around 10° and 35° in both Hemispheres
and around 50°S. Although variations of the dis-
placement around these low latitudes have rela-
tively small amplitude (not shown), the long arm
length from the rotation axis near the equator
causes significant amplitude of the variation of
the torques.

The latitudinal distributions of both T.(¢) and
T, (¢) show somewhat similar pattern to that of
T, (¢), implying that there is little meridional redis-
tribution of the atmospheric angular momentum
through the torques in the ocean. In the Southern
Hemisphere the magnitude of T.(¢) is nearly of
the same order as that of Ty(¢). In the Northern
Hemisphere, on the other hand, the magnitude of
T.(¢) is greater than that of T;(¢). These features
are commonly found in all months.

In mid-latitudes of the Northern Hemisphere
around 35°N, the largest amplitude of T, (¢) and
T.(¢) are found in winter (January and February
around day 360). T;(¢) has a weak peak at around
35°N and has another peak in the amplitude at
around 50°S latitudinal belt where the amplitudes
of T,,(¢) and T;($) are small.

The amplitude of the seasonal variation of T.(¢)
is only about 1.5-2 times larger than that of T, (¢)
at most latitudes. It is interesting to note that
once they are integrated meridionally, however,
the continental torque becomes much larger than
the bottom frictional torque [Fig. 3(a)].

Now we examine contributions of the rotational
and non-rotational wind stress torques to the
oceanic torques. Figure 6(d) shows the time-
latitude cross section of the non-rotational wind
stress torque Th®(¢). ThR(¢) is not shown here,
since its latitudinal pattern is nearly the same as
TNR($). TNR(¢) is not shown since it is negligibly
small everywhere. Figures 6 (e) and (f) show the
wind stress torque and continental torque caused
by the rotational wind stress TX(¢) and TR(¢),
respectively. The amplitude of seasonal variation
of TYR(§) is roughly a half of that of TR(¢).
Nevertheless the amplitude of TYR(¢) is about
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Fig. 6. Time series of meridional distribution of torques in the model ocean driven by the surface wind stress: (a) the
total wind stress torque T,(¢), (b) the total continental torque T.(¢), (c) the total bottom frictional torque T(¢),
(d) the non-rotational wind stress torque TN%(¢), (€) the rotational wind stress torque T%($) and (f) the rotational
continental torque TX(¢). The abscissa is latitude from 57.5°S to 67.5°N, and the ordinate Julian days. The contour
interval is 0.3 HU. Solid lines denote positive values, while dashed lines denote negative values.
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twice as large as that of TR(¢): i.e., TNR(¢) explains
about two thirds of T,(§). TR(¢) is not shown here
because it is exactly the same as T,(¢) shown in
Fig. 6(c) (Note that Ty is produced by only the
rotational wind stress.)

About two thirds of TX($) is converted into
TR(¢) [Figs. 6(c) and (e)], while the rest into
TR(§). Thus, TR(¢) is larger than TX(¢) in each
latitudinal belt.

The contour patterns of the torques in Fig. 6
show no significant meridional phase shift. This
again suggests that meridional redistribution of
the angular momentum by the ocean circulation
is of minor importance. Furthermore, the contour
patterns show no time lag between the wind stress
torques and the continental/bottom frictional
torques.

5. Discussion

5.1. Mechanism of angular momentum transfer via
oceans

It has been known that the continental torque
is the dominant process in transferring atmo-
spheric angular momentum to the solid earth
through the oceans, thereby contributing to sea-
sonal variation of the LOD (Ponte, 1990; Ponte
and Gutzler, 1991; Ponte and Rosen, 1994).
However, the mechanism by which the continental
torque is produced by the wind stress torque
has not been clarified previously. Using a linear
barotropic quasi-global ocean circulation model
which has a realistic land-ocean distribution and
is driven by the observed wind stress distribution
(Hellerman and Rosenstein, 1983), we have con-
firmed that the wind stress torque is mostly con-
verted into the continental torque. Then the
mechanism by which the continental torque is
produced has been examined.

As was demonstrated in Section 2, it is known
that for a barotropic ocean on a beta plane, the
net pressure force in the x-direction is solely
determined by the area integral of the wind stress
in the x-direction and does not depend on the
ocean circulation. This force balance holds for
steady-state oceans on the beta plane but not for
the torque balance in the real oceans for which the
arm length from the rotation axis changes with
latitude. Our results have shown, however, that
the relationship similar to the force balance on
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the beta plane almost holds for the torque balance
in the real oceans: If the wind stress is divided
into the rotational and non-rotational compon-
ents, the globally integrated continental torque is
mostly caused by the non-rotational wind stress,
and is contributed little by the ocean circulation
driven by the rotational wind stress.

Based on the decomposition of the wind stress
into the rotational and non-rotational compon-
ents, the mechanism of the angular momentum
transfer from the atmosphere to the solid earth
via oceans may be considered in the following
way. Firstly, although Figs. 6(a) and (e) show that
the seasonally varying amplitude of TX(¢) at each
latitude is about two times larger than that of
TXR(¢), Fig. 3 shows that meridionally integrated
TR is much smaller than meridionally integrated
TYR. TR is defined by

T j %) do
¢

erﬁacosqﬂdA
A Jo

1 0¥
- [ [ ——da’cos?* ¢ did¢
2 Je @ 0¢

[see Eq.(38) in Appendix B]. If the cos® ¢ term
were absent, TR would vanish because of the
boundary conditions for W¥,. Since 0¥,/0¢ oscil-
lates more quickly than cos®* ¢ does as Fig. 6(¢)
suggests, however, that TR remains small even in
the presence of the cos? ¢ term. T}, on the other
hand, contains a component which does not
vanish after the area integral. This property is
inherited to the meridionally integrated wind stress
torque

= 1= [ oo

(16)

even if the factor of cos ¢ is multiplied. Thus, after
the meridional integration, TY® dominates T and
most of T, is contributed by TXX. For non-
rotational wind stress, shallow water gravity waves
play a dominant role in accomplishing a balance
between the wind stress and the pressure gradient
force. Thus, TYR($) is nearly equal to ThX(¢), and
therefore TR (¢) also has a component which does
not vanish after the meridional integration.

In spite of the significant seasonally-varying
amplitude of TR(¢), the amplitude of TR(¢) is
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small, and is less than that of TR. This may be
partly because the surface displacement associated
with ocean circulations is large near the center of
the oceans, but is less significant near the eastern
and western boundaries. Both TR(¢) and TR(§)
become small after the meridional integration just
as TR (¢) does so.

Using an output of a rigid-lid version of the
oceanic general circulation model (OGCM) by
Semtner and Chervin (1992), Ponte and Rosen
(1994) showed that the wind stress torque given
at the sea surface is nearly balanced with the
continental torque (Fig. 8 in their paper). In three-
dimensional numerical models with density strati-
fication such as the one used by Semtner and
Chervin (1992), part of the surface pressure field
is communicated to the bottom through the baro-
tropic response, while the rest causes the baroclinic
response which tends to reduce the horizontal
pressure gradient at the bottom: the baroclinic
response tends to achieve an isostacy in the steady
state. If the pressure gradient given at the surface
penetrates into the bottom through this baroclinic
process, the torque exerted on the solid earth must
be smaller than that due to the barotropic process.
As far as the seasonal variation of the oceanic
torque is concerned, the barotropic contribution
is important even in the stratified ocean.

5.2. Seasonal variation of oceanic torques

It is important to note that the seasonal vari-
ations of the torques are caused by a very subtle
balance among the torques at various latitudes.
For example, let us compare Fig. 3 with Fig. 6(a)
to find the role of the wind stress torque at
different latitudes in producing the seasonal vari-
ation of the continental torque. The minimum in
the wind stress torque in April (a in Fig. 3) corre-
sponds to the weak wind stress regimes during the
transient period from winter to summer in the
Northern Hemisphere, and that from summer to
winter in the Southern Hemisphere. The peak in
June (b in Fig. 3) is created by the large wind
stress in the middle latitudes of the Southern
Hemisphere, and the peak in September (c in
Fig. 3) by the large wind stress in the sub-tropical
latitudes of the Northern Hemisphere. Figure 6(a)
indicates that the complicated behavior of the
seasonal variation of the wind stress torque is
caused by the small phase shift of the seasonal
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change at different latitudes. Because of these
characteristics, the relatively simple seasonal vari-
ation of the wind stress torque at each latitude
does not lead to a simple seasonal variation of
the continental torque.

Boer (1990) investigated the exchange of angu-
lar momentum between the atmosphere and the
solid earth using output data of the atmospheric
general circulation model of the Canadian Climate
Centre. He calculated the torques given to the
solid earth, the mountain torque and the wind
stress torque at land and ocean surfaces. According
to his result (Fig. 3 in his paper), a semiannual
cycle of the total torque is dominant, because the
angular momentum of the atmosphere is accumu-
lated in winter in each Hemisphere. However, the
oceanic torque has only a single minimum® in
April. On the other hand, Fig. 3 in the present
study shows one minimum in April and two
maxima in June and September. The reason for
the difference becomes evident when the latitudinal
distribution of the seasonal cycle of his oceanic
torque [his Fig. 6(e)] is compared with Fig. 6 in
the present paper. His minimum in April is created
by the same mechanism as the one in the present
study. The two peaks in June and September in
our result are created by the phase difference of
the seasonal variation of the torque among differ-
ent latitudes. However, the phase relationship in
his study did not create extreme values except the
one in April. The seasonal variation of the oceanic
torque results from a delicate phase difference
in the seasonal cycle at different latitudes as
described above.

6. Conclusions

The physical mechanism that causes the sea-
sonal variation of the angular momentum transfer
from the atmosphere to the solid earth via the
oceans is studied by means of a linear shallow-
water numerical model of quasi-global oceans
with no explicit surface Ekman boundary layer. A
novel way to decompose the wind stress into
rotational and non-rotational components is
devised. Ocean circulations are caused solely

®His definition of the sign of the torque is opposite
to ours. Therefore, our ‘maximum’ corresponds to his
minimum and vice versa.
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by the rotational wind stress, while the non-
notational wind stress balances with the pressure
gradient force caused by the surface elevation
within a frame work of the barotropic shallow-
water model. It is found that the seasonally-
varying amplitude of the rotational wind stress
torque at each latitudinal belt is larger than that
of the non-rotational wind stress torque. However,
once integrated with respect to latitude, the non-
rotational wind stress torque dominates the rota-
tional torque. The force relationship between the
pressure and the wind stress, which strictly holds
for ocean circulation on a beta plane in a steady
state, remains essentially valid even for the season-
ally varying real oceans for which the dependence
of the arm length on latitude needs to be consid-
ered. As a result of these facts, most of the
continental torque is caused by the non-rotational
wind stress, and surprisingly little contribution to
the continental torque is made by the ocean
circulation which is driven by the rotational wind
stress. The rapid transfer of the angular
momentum via the oceans is realized because
shallow water gravity waves are responsible for
the adjustment between the non-rotational wind
stress and the sea surface displacement.
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8. Appendix A: Angular momentum
conservation in finite-difference equation
and estimation of the surface displacement
at the coast

The angular momentum of a fluid parcel of unit
volume rotating about the polar axis is given by

m=mg + m, = pQa* cos? ¢ + pua cos ¢, (17)

where p is the density, and Q is the earth’s mean
rotation rate (Gill, 1982). mg is the planetary
angular momentum due to solid-body rotation,
and m, the relative angular momentum due to
zonal motions relative to the solid-body rotation.
The time rate of change of M, the volume integral
of m over the global ocean, is written as

ar —T=5L (mg+m)dV,  (18)

where Mg and M, are volume integrals of mg and
m,, respectively.

The time rate of change of M, may be calculated
from Eq. (8) as

M4 ar=p | | % (acosg)da
de —dt J, MGV = A Apat (a cos

:pDJ va-(acosd))dA
® Ja

an
—pDg ~dA + 7.+ (acos ¢)dA
b Ja 0 6 Ja

—pDRJ f u-(acos ¢)dA.
$ Ja

(19)

where dA = a? cos ¢ d¢ d/. The second, third and
fourth terms on the right-hand side (RHS) of
Eq. (19) are the continental torque T, the wind
stress torque T, and the bottom frictional torque
Ty, respectively.

On the other hand, the time rate of change of
M, is calculated from Eq. (10) as
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Mo _d dv
e dr), ™

0
[ J /)an-(azcos2 $)dA
L)

—anDJ J il,lcosq’JdA
s Ja 04

—anDJ‘ f a(%qoss@cosqﬁd/l.
b Ja

(20)
The addition of Eq. (19) to Eq. (20) gives Eq. (11)
after some manipulation, which states that the
total oceanic angular momentum M is conserved
(Gill, 1982; Ponte, 1990). The first purpose of this
appendix is to show that this angular momentum
conservation is in fact satisfied by our finite-
difference numerical model.

In the present numerical simulation, the basic
shallow water equations (8) and (10) in the finite-
difference form are written as:

ou; ; f
81:] = - 4 cos ¢j [cos ¢j+ I/Z(Ui,j + Uiy Lj)
+cos ;10 -1+ Viv1-1)]
g Nit1,j—Mij | Taij
_ —= — Ru; ;, (21
7 cos ¢j A + Dp U j» ( )
on;; 1

- D ulj_uifl,j
ot acos ¢; AL

;i COS O; —0; ;1 COSQP;_
+U,, ¢,+1/2 A;,] 1 (/5/ 1/2>. (22)

where f; and ¢; are evaluated at the latitude of
#;j» and cos ¢;. ), at the latitude of v;; (Fig. 1).
AL and A¢ are longitudinal and latitudinal grid
intervals, respectively. The intriguing factors like
COS ¢4 1/2/cos ¢; and cos ¢;_,,/cos ¢; in Eq.(21)
enable the system to conserve the total angular
momentum as will be shown below.

Now, let us first consider the finite-difference
representation of Eq.(18) based on the volume
integral of Eq.(21). Let i and j be the zonal and
meridional grid numbers. i varies from I to I,
and j from J to J,, respectively, where I, I, J,
and J, are the grid numbers at the western,
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eastern, southern and northern coasts, respect-
ively. Since no normal flow exists at the boundar-
ies,
ulw,j:ulefl,j:() (23)
and

(24)

Vig,=Vig,-1= 0.

The first term on the RHS of Eq. (19) is

pDa’ J J fv cos® ¢ d¢ dA
¢ Ja

= —pDa*Q AJ

J,—1
X

]‘il o8’ @1y — 08§ 1)
2

JETo+1 i=I,+1

X (Ui,j Cos ¢j+1/2+vi,j—1 Ccos ¢j—1/2)> (25)

where the free slip conditions v; ;=uv; ., ; and

- wtij &
vr,—1,;= Uz, at the east and west boundaries,
respectively, have been used, and the Coriolis
parameter

Q d
f;=2Qsin ¢ = fm(cosz })

is evaluated as

cos? ¢j+1/2 — cos® ¢j—1/2
Ag cos ¢; '

Egger and Hoinka (1999) independently invented
the same finite-difference representation of the
Coriolis parameter that is essential to the conser-
vation of angular momentum.

The first term on the RHS of Eq. (20) is rewrit-
ten in the finite-difference representation as

fi=—Q (26)

Ja-1 I.—1
—pDa*QAp Y cos?d Y Au

j=Je+1 i=I,+1

Inzt cos? iy, +cos?i_
— 7pDa3Q A¢ Z ¢j+1/2 ¢j 1/2
j=dat1 2

),

X (Up—qj— U

Iw.j

(27)

which vanishes because of Eq. (23).
The second term on the RHS of Eq.(20) is
given by
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—pDa*Q A,
— — 2 2
Inst Lot cos? iyt cos® Py

2

X
JEIg+1 =1, +1

X (Ui,j Cos ¢j+1/2*vi,j—1 Cos ¢j—1/2)~ (28)

Adding Eq. (28) to Eq. (25), we obtain

I,—1
—pDd*Q AL Y

i=I,+1

x cos ¢JS+1/2)a

(Ui.Jn—l cos® ¢Jn— 172 — Uiy
(29)

which vanishes because of Eq.(24). Thus, the
present numerical scheme exactly conserves the
angular momentum.

The continental torque is calculated from the
second term on the RHS of Eq. (19) as

Ja-1 I,—1
pDga®> Ap Y cosd Y An
j=To+1 i=I,+1
=pDga* Ad
« J“il <’716—1/2,j+’716—1,j
J=d+1 2

- .
NS, 2’71w+1/2,1> cos ¢;. (30)
It is caused by the pressure difference at the
eastern and western boundaries.

At the western boundary, Eq. (8) together with
the boundary condition u =0 and 7, =0 gives

__8&
acos ¢ 0L

Sv (31)

The finite-difference representation of this equa-
tion that conserves the angular momentum is

f.
- ZJ [cos ¢j+ 1/2(UIw,j + U1w+1,j)

+ cos ¢j—1/2(”1w,,‘—1 +Ulw+1,j—1)] (32)

g(’llw+ 1, M, + 1/2.j)
aAif2 ’

[see Eq. (21)]. Using the free-slip boundary condi-
tions vy ;j=v; 4+1,; and vy ;1 =Ur 41j-1, WE
obtain
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Ji

Mre+1/2,j =N, +1,j =

y Ur, 41,08 @iy 1a+ 0 11,,-1€OS P11

2

alAl

- (33)

Similarly, at the eastern boundary, we have
f

Nry—1/2.5=N1,-1.;+ E

% Ur,—1,;€08 @12+ 0 1,;-1COS ;1)
2

alAL
X —.

. (34)

The continental torque is obtained by substituting
these relationship into Eq.(30). With the choice
of R"1=5d, the width of the Stommel boundary
layer (= R/f, where ff =df/a d¢ is the meridional
derivative of the Coriolis parameter) is approxi-
mately 200 km (2°). This means that the width of
the western boundary current is comparable to
one grid interval in our model. It should be noted
from Eq. (31), however, that the surface displace-
ment at the coast is determined by the volume
flow rate but not directly by the velocity profile.
Thus, as far as the wind-driven circulation outside
the western boundary layer is well resolved, the
surface displacement at the western coast from
Eq. (31) should be estimated within the accuracy
of O(AZ/1), where [ is the zonal width of the ocean.

9. Appendix B: Decomposition of wind stress
into rotational and non-rotational
components

Let us introduce functions W¥.(4, ¢) and @, (/, ¢)
in the spherical coordinate, so that

T()‘a ¢) =V x lPr ()va ¢) + V(Dr(/% ¢)a

where 7 is the total wind stress. The first term on
the RHS expresses the rotational component and
the second term the non-rotational component.

To obtain the rotational wind stress, we take
curl of Eq. (35):

(35)

VY (4, ¢) =

1 <%_ d(t; cos ¢)> (36)

acos$ \ 9 oo ’
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The boundary condition is

Y.(4,¢)=0 along the coasts. (37)

Y.(4, ¢) is obtained by solving numerically Egs.
(36) and (37) using the over-relaxation method.
Once WY,(4,¢) is obtained, the rotational wind
stress is calculated as

I G N R
T4 9)= a4 0p acos¢ 04 )

(38)

405

The non-rotational wind stress is obtained by
™ ) =1(2, ¢) —T*(4, ) (39)

This calculation has been applied to the observed
wind stress 7 by Hellerman and Rosenstein (1983).
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